Silicon has been considered as beneficial element for the plants. The supplementation of silicon as nutrient to the plants may play a significant role which includes increase in crop growth and yield, improvement of leaf exposure to light, decreased susceptibility to pathogens and pests and amelioration to abiotic and biotic stresses. The most significant effect of silicon on plants, besides improving their fitness in adverse environmental conditions and increasing agricultural productivity of plants is the restriction of pest attack and prevention of diseases. Unfortunately the significance of silicon nutrition in crop production and mitigation of abiotic and biotic stresses remains unexplored. Hence there is an urgent need to use silicon fertilizers for improvement in crop production. The understanding of the beneficial effects of silicon is important to improve crop productivity as it may enhance plant nutritional value for a growing world population.
Introduction
Agriculture is the backbone of Indian economy as it contributes about one fifth of the gross domestic product (GDP) in India and provides livelihood to approximately 70% of the population directly or indirectly (Narayana Gowda, 2013) . The growth in the agricultural sector is essential for the growth and development of nation (Nerker et al. 2013) . The population of India has already been crossed 1.27 billion and is still increasing alarmingly that put a great pressure on the food grain production. India achieved a remarkable success in food grain production from 51 million tonnes in 1951-1952 to 263.2 million tonnes in 2013-2014 due to significant efforts by the scientists in the field of agriculture (Ayyappan, 2013) . Indian agriculture is still facing a multitude of problems to maximize productivity to feed the continuously increasing population (Brahmanand et al. 2013) .The reports reveal that farmers use more than two million tonnes of chemical pesticides each year for getting maximum production. The continuous use of chemical inputs causesill health of human-beings, negative impact on agricultural production, loss of beneficial microbes in the soil, reduction in agricultural sustainability and disturb the entire ecosystem. The toxic impact of pesticides adversely affect both flora and fauna as it enters in the body of human-beings through the food chain. Long-term contact to pesticides can disturb the function of different organs in the body including nervous, endocrine, immune, reproductive, renal, cardiovascular and respiratory systems.There is evidence on the link between the pesticide's exposure with the incidence of human chronic diseases such as cancer, Parkinson, Alzheimer, diabetes, aging, cardiovascular and kidney diseases (Mostafalou and Abdollahi, 2012a) .Farmers are intensifying land use practices without proper nutrient management in their fields which results in depletion of nutrients from the soil and it is also linked to the decline in crop yield (Meena et al. 2014) . It has been observed that the decline in the crop yield may also be due to the lack or depletion of plant available silicon.Farmers do not provide exogenous silicon to the crops because there is an old belief that the soil itself can maintain the supply of silicon.The traditional practice of collecting the ashes from the backyard of houses and its utilization in fields provides silicon supply to the plants. Farmers are unaware of the beneficial effects of silicon for the soil health. Tropical and subtropical soils undergo intensive management and monoculture practices that are subjected to weathering and leaching usually have high levels of aluminium, phosphorus-fixation capacity and high acidity levels but low levels of available silicon due to the process of desilication (Epstein, 1999) . According to the reports of FAO (Food and Agricultural Organization, United States), approximately 210-224 million tonnes of silicon is removed from the arable soils all around the world and soils become low in available silicon content with less fertility. Earlier workers have reported the positive effects of silicon on the growth and development of crop plants (Guntzer et al. 2012; Korndorfer and Lepsch, 2001; Ma, 2004; Meena et al. 2014) . But there is no evidence till date showing that silicon is involved in the physiological processes of plants and its impact on environmental stress management.Hence the present review paper deals with the beneficial effects of silicon on the growth and development of the plants and its role in the mitigation of abiotic and biotic stresses in crop plants.
Silicon as a beneficial element
Elements play a pivotal role in the life cycle of living organisms. Among the 92 known elements on earth, 17 are considered to be essential for the plants and they are divided into macronutrients and micronutrients. The macronutrientsinclude C, H, O, Ca, K, Mg, N, S and P of which C, H and O make up approximately 95% of plant dry matter and others are present at >1000 mgkg -1 dry weight.The micronutrients includeCl, B, Cu, Fe, Mn, Mo, Ni and Zn which are present at <100 mg kg -1 dry weight. The elements which promote growth and act as essential element toparticular taxa but are not required by all plants are known asbeneficial elements. The five beneficial elements are Al, Co, Na, Se and Si, these elements promote growth of various plant species under certain environmental conditions, however, their function and concentration varies for plant species (Pilon-Smits et al. 2009 ).
Sources of silicon
Crop residues especially of silicon accumulating plants can be used as silicon resource. Inorganic materials such as quartz, clay, mica and feldspars are rich in silicon but acts as poor silicon fertilizer because of the low solubility of the silicon (Table-1 ). Calcium silicate obtained as a byproduct of steel and phosphorus production is one of the most widely used silicon fertilizer. Potassium silicate is highly soluble and can be used in hydroponic culture for research related laboratory experiments. It is expensive and can not be used widely. Other sources ofsiliconhave been used commercially are silica geland calcium silicate hydrate (Gascho, 2001) etc.
Silicon in the soil
Silicon constitutes 27.7% of total weight in the soil after oxygen which is 47% (Datnoff and Snyder, 2001) and it occurs as silica (SiO 2 ) and silicates (SiO 3 ) but not in its elemental form (Ehrlich,1981) . Depletion of available silicon in the soil is an important factor is closely related with progressive yield decline as experienced in various crops. Silicon occurs in the soil is in an unavailable polymerized form and for its absorption by plants it has to be depolymerized and rendered soluble by means of chemical and biological reactions in the soil. Silicon content in the soil ranges from < 1 to 45% by dry weight (Sommer et al. 2006) while the silica (Si to SiO 2 -2.1; Si to SiO 3 -2.6) constitute 50-70% of the soil mass varying from less than 20-100%.It mainly occurs as an inert mineral of sands, quartz (SiO 2 pure), kaolinite, mica, feldspar and other clay minerals (aluminium, magnesium, calcium, sodium, potassium or iron forming silicates). Siliconas silicic acid (0.1-0.6 mM) occurs as one of the main constituents of soil solution and it can be regarded as a plant nutrient (Epstein, 2009 ).Silicon ranges from 200-300g silicon/kg in clay soil and 450 g silicon/kg in sandy soils (Matichenkov and Calvert, 2002) .Soil treatment with biogeochemically active silicon optimizes soil fertility through improved water, physical and chemical properties of soil and maintenance of nutrients in plant available forms in the soil.
The usefulness of silicon in different spheres of human life has been well elucidated by earlier workers (Vasanthi et al. 2012) . Sachs (1862) reported that silicon is not essential for growth but Hall and Morison (1906) raised a question due to their doubt about the role of silicon in plants and said that silicon forms 60% of the wheat ash must had some metabolic role. According to Epstein and Bloom (2005) silicon acts as a quasi-essential element for plants because its deficiency can cause various abnormalities with respect to plant growth, development and reproduction. Supplementation with silicon exerts a number of beneficial effects as silicon nutrition to the plants improves plant protective mechanisms against diseases, insect attack and unfavourable climatic conditions. Silicon improves plant environment relationship as it can improve plants abilities to withstand in adverse climatic conditions due to the presence of natural anti-stress mechanism that enables higher yields and better-quality end products (Marafon and Endres, 2013) . Silicon is an agronomically important fertilizer because it enhances plant tolerance capacity to abiotic and biotic stresses (Liang et al. 2005 ).
According to de Saussure (1804) silicon is present in the ashes of plants and its concentration may vary according to the plant species. Justus von Leibig proposed the use of sodium silicate as a silicon fertilizer as early as in the year 1840 and he conducted green house experiment with sugar beet in 1856 and revealed the favourable effect of silicates on grass productivity. The patent for silicon slag as a fertilizer was also given in 1881 (Zippicotte, 1881). The ashes from conventional household chulas using fire wood and dried cow dung cake are rich in silicon and potash and can be used for field application. The traditional practice of application of tank silt in the cultivated fields in summer season as it supplies silica in the form of silt with a small amount of organic matter. In South India, sand is applied to rice fields at 2-3 tonnes/acre during summer season once in 2 or 3 years as sand is considered as a source of silicon.Farmers in Texas, Lousiania and Florida use organically certified green sand containing iron, potassium and silicates to get higher yields. In Japan, silicon has been recognized as an agronomically essential element for rice, a typical silicon-accumulating plant,because accumulation of silicon is required for optimal growth and sustainable production of rice. Incorporation of straw and stubbles to rice or crop fields offer organic matter, silica and other nutrients. Several naturally occurring minerals are rich in silica like wallostonite, basalt, feldspar and industrial or agro-wastes are also rich in silica such as silicate slag, steel slag, electric furnace slag, baggase furnace ash, lignite fly ash, rice hull ash and rice straw which can be used as a source of silicon to increase the crop yield (Kalra et al. 2003) .
Chemical reactions of silicon in the soil
Silicon produces by the weathering processes of primary and secondary minerals including clay silicates in the soil. The main sources of silicon in soil solution are the decomposition of plant residues, dissociation of polymeric H 4 SiO 4 , release of silicon from iron and aluminiumoxides and hydroxides, dissolution of non-crystalline and crystalline minerals and addition of silicon fertilizers (Korndorfer et al. 2004) .Silicon fertilizers are mostly neutral or slightly alkaline in biochemical nature. The most available form of silicon is found in the soil solution is silicic or monosilicic acid (H 4 SiO 4 )a non-charged molecule, which can be easily absorbed by the plants. ) and silicon in comparison to sandy soils.
Reactions

Silicon uptake by the plants
Plants absorb silicon from the soil solution in the form of monosilicic acid, uncharged molecule also known as orthosilicic acid (H 4 SiO 4 ) and generally plants absorb 50-200 kg silicon/hectare (Casey et al. 2004) . Silicon is absorbed by the plant roots through a passive process regulated by transpiration stream, which occurs via the xylem along with water or by an active process through transporters located in the plasma membrane of root cells. The absorbed silicon accumulates in theold tissuesof the plants mainly in the walls of epidermal cells as polymerized monosilicic acid or amorphous silica (SiO 2 ·nH 2 O), which strengthens cell wall and increases the structural rigidity of tissues. Large quantities of silicon is also deposited in the cell walls of these vesselswhich may prevent compression of the xylem when the transpiration rate is high (Mitani and Ma, 2005) .Accumulation of silicon occurs in regions of maximum transpiration such as leaf epidermis near the stomatal guard cells, trichomes and thorns which mitigates the adverse effects of abiotic and biotic stresses (Dayanandam et al. 1983 ).Plants differ markedly in their ability to absorb silicon and different genotypes of the same species may have different silicon concentrations in their tissues . Plants have silicon levels ranging from 0.1-10% of their total dry matter. The silicic acid (H 4 SiO 4 ) transporters were first described in rice and the known transporters comprise Lsi1, Lsi2 and Lsi6 (Lsi denotes low silicon) transporter proteins ). also identified active silicon transporters in rice, barley and maize.There are three classes of silicon absorbers (Marschner, 1995) such as, Silicon accumulator plants as they require large amount of silicon examples: wheat, rice, millet and sugarcane Silicon non-accumulator plants -snapdragon plant Silicon-excluder plants-soybean.
The absorption capacity of different plant species may vary such as sugarcane can absorb 300-700kg of silicon/hectare, rice can absorb 150-300 kg of silicon/hectare whereas wheat plants can absorb 50-150kg of silicon/hectare from the soil (Bazilevich, 1993) . Yoshida (1975) found that rice plant absorbs silicon in form of orthosilicic acid along with water from the growing medium but water is lost through transpiration and silicon concentration increases and at higher level ortho-silicic acid polymerizes into silica gel by non-enzymatic reactions.
According to Ma (2003) monosilicic acid is transported into the leaves of the plants. Silicon is concentrated in the epidermal tissue as a fine layer of silicon-cellulose membrane and is associated with pectin and calcium ions and in this way it can protect and mechanically strengthen the plant structure. As the concentration of silicon increases in plant sap, monosilicic acid is polymerized and it is known as silica gel or amorphous SiO 2 which gets hydrated with water molecules. Approximately 90% of absorbed silicon is transformed into various types of phytoliths or silicon-cellulose structures. Ma et al. (2004) isolated two silicon transporters one known as SIT1 which is responsible for the radial transport of silicon from external solution to the cortical cells and second transporter is known as SIT2, responsible for the transport of silicon from the cortical cells to the xylem. Ma et al. (2001a) showed that silicon uptake is performed by lateral roots but not by root hairs. The active and passive uptake of silicon can coexist within the same plant as Henriet et al. (2006) studied the silicon uptake by banana grown in hydroponics at different silicon concentration. It has been observed that at higher silicon supply, silicon absorption was proportional to the mass flow driven supply is in good agreement with passive transport but in low silicon supply, silicon absorption was higher than expected if mass flow-driven supply had been the only mechanism and silicon in the nutrient solution was depleted. It has been observed that older leaves are rich in silicon concentration than younger leaves (Henriet et al. 2006) .
Silicon content in plants
Silicon concentration in plants offer a large variability ranging from 0.1-10% dry weight (Hodson et al. 2005) . Silica concentration is found to be higher in monocotyledons (10-15%) than in dicotyledons (0.5% or less) and its level shows an increase from legumes< fruit<vegetables<grasses<grain crops (Thiagalingam et al. 1977) . The aerial plant parts accumulate more silicon than roots. Rice accumulates 4-20% silicon in straw and almost each and every part of rice contains silicon which is not at all added exogenously as fertilizer.In rice leaf blades 90% or more silicic acid exists as silica gel. It was found that silica content of rice plants increased with the age of the crop plants from transplanting to harvest (Nayar et al. 1982a ). The silica content of rice straw at harvest ranged from 4.8-13.5% in dry season and 4.3-10.3% in wet season (Nayar et al. 1982b) . Ishizuka(1971) reported that silica content in rice straw ranged from 4-20% with an average of 11%. Plants of the families Poaceae, Equisetaceae and Cyperaceae show high silicon accumulation (>4% silicon), Cucurbitaceaeand Commenlinaceae show (2-4% silicon) while most other species contain less silicon (< 2% silicon).
Loveringand Engel (1959) reported that onehactare forest can extract nearly 5000 tonnes of silicon in 5000 years which is equivalent to 30cms thick basalt layer. During litter decomposition, plant silicon is re-injected in the soil and can constitute an important pool of silicon in the soil (Lucas et al. 1993 ). Conley (2002) estimated that annual amount of silicon stored in plants Tmol/year) is of the same order of magnitude as the amount of silicon fixed by diatoms in the sea (240Tmol/year). Sugarcane can take silicon 300kg/hectare/year (Meyers and Keeping, 2001) , rice 500 kg/hectare/year (Makabe et al. 2009 ), 41-67 kg/hectare/year for tropical forest (Alexander et al. 1997 ) and 23-44 kg/hectare/year for temperate forests (Cornelis et al. 2010 ). Matichenkov and Bocharnikova (2001) calculated that approximately 210-224 million tonnes of silicon is removed from cultivated soil every year. Savant et al. (1997a) found that non-reincorporation of the straw in the field may lead to depletion of plant available silicon in the soil with a decline of cereal yields. Hodson et al. (2005) found that silicon concentration in the plants depends on the phylogenetic position of plant more than its environment. The availability of silicon can influence the amount of silicon absorbed by plants. Ma and Takahashi (2002) gave a phylogenetic tree of silicon accumulating plants and found that silicon rich species had low calcium concentration. defined that differences in silicon accumulation among species was due to the differences in the root density of silicon transporters as well as distinct mechanisms of silicon loading into the xylem.Silicon accumulators have silicon more than 1% and silicon/calcium ratio >1.Excluders have silicon concentration below 0.5% and silicon/calcium ratio < 0.5 and the plants that do not meet these criteria are considered as intermediate plants. Casey et al. (2004) observed that in wheat sap silicon was present in the form of mono and disilicic acids with a ratio of 7:1. Lux et al. (2003) observed that the formation of silica aggregates in the root endodermis within two hours following the transfer of a sorghum plant from silicon poor environment to silicon rich environment. Inanaga et al. (1995) found that silicon play a key role in formation of linkage between lignin and carbohydrate in association with phenolic acids. Amorphous silica is the only form of silicon in plants (Ding et al. 2008) which can precipitate in the plant cells which are known as phytoliths.These are not found throughout the plant (Prychid et al. 2003 ) but present in leaf epidermis, root epidermis and in the cell membranes of vascular bundle at transpiration sites.Phytoliths are found in specific cells known as silica cells located in the vascular bundles or present as silica bodies in bulliform cells, fusoid cells or prickle hairs in rice , wheat (Dietrich et al. 2003 ) and bamboos (Motomura et al. 2004 ).Phytoliths can be assembled by polymerization of silicic acid when its concentration exceeds 2 mM . The location and proportion of phytoliths may vary with the age of the plants and species (Ponzi and Pizzolongo, 2003) .
Silica solubilizing bacteria
Soil contains large number of microbes but only few microbes such as Bacillus cladolytyicus, Bacillus mucilaginosus, Protens mirabilis, Pseudomonas and Penicilliumwere found to release silicon from natural silicates. Besides silicon, silicate minerals contain K, Ca, Mg, Fe and Zn and therefore inoculation of silica solubilizing bacteria into the soil may benefit the crop by releasing several nutrients (Muralikannan and Anthomiray, 1998) . The inoculation of silica solubilizing bacteria to both sterilized and unsterilized soil which helps in solubilization of silica in water and enhances the available silica form in the soil. Avakyan et al. (1986) found that silica solubilizing bacteria increases the growth, chlorophyll content, grain weight, filled grains, biomass and yield of rice plants. The silicasolubilizing bacteria application increases the yield of raw cotton upto 34% (Ciobanu, 1961) and significantly increases yield of maize, wheat, potato and tomato (Aleksandrov, 1958) . Silicon acts as a substitute of phosphorus in the plantsas well as in the soil system as application of silicates easily releases phosphorus (Chinnasami and Chandrasekaran, 1978) .
Functions of silicon in plants
Silicon performes several functions in the plants. The supplementation of silicon in form of silicates benefits plants grown in silicon poor soils and it protects plants during adverse years including prolonged periods of drought, frost and incidence of pests and diseases etc (Guntzer et al. 2012) .Silicon increases crop productivity and improves crop quality while the lack of this element can reduce the plant's biological ability to withstand adverse environmental conditions (Rafi et al. 1997) .
Silicon promotes the growth of horticultural crops
The increase in silicon supply is beneficial to roses grown in the soilless culture as it stimulates the vegetative growth of roses and improves the flower quality. The implementation of potassium metasilicate (200mg/l) in rose cultivation resulted the increase in plant height and shoot dry matter (Hwang et al. 2005) .
Zinnia belongs to the family Asteraceae is known for its colourless flowers, long vase life and disease resistant characteristics (Dole, 1999) . Foliar spray of sodium silicate (100mg/l silicon) increased the flower diameter of Zinnia and leaf resistance capacity due to reduced transpiration (Kamenidou et al. 2009 ).
Helianthus annuus is known for its ornamental flowers, seed containing oil and medicinal value (Khursheed et al. 2009 ). It was found that treatment of potassium silicate (200mg/l) to sunflowers resulted plants with thick stems and more compact statues (Kamenidou et al. 2008) . Stamatakis et al. (2003) reported that use of potassium silicate in hydroponic culture significantly increased beta-carotene, lutein and lycopene contents of the tomato fruits and silicon also enhanced fruit firmness and vitamin c content. Weekly application of foliar spray (50-100mg/l) of sodium silicate on Gerbera jamesonii increased number of flowers, plant height and diameter (Kamenidou et al. 2010) .
Foliar application of potassium silicate on strawberry plants increased plant growth and chlorophyll content. It has also increased citric and malic acids and fatty acids content in glycolipids and phospholipids as well as more membrane lipids were also observed (Wang and Galletta, 1998). Sivanesan et al. (2010) found that silicon supplementation on Tagetuspatula L. significantly increased stem diameter, number of lateral shoots, root length, chlorophyll content and fresh and dry weight of plants.Saccharumofficinarum accounts for approximately 70% of the worlds sugar and by utilization of silicon fertilizer its productivity increased from 17-30% in the field experiments whereas production of sugar was increased from 23-58% (Matichenkov and Calvert, 2002) . Silicon fertilization enhances the growth of citrus crops by 30-80% (Taranovskaia, 1939) . Cucumber has been served as model plant for the sex determination studies and vascular biology of plants (Huang et al. 2009 ). Adatia and Besford (1986) reported that addition of silicon (100mg/l) increased chlorophyll content, root fresh as well as dry weight and RuBP carboxylase in cucumber plants.
Salvia splendens is commonly known as sage plant. The plants grown at 50mMNaClwith 50 or 100 mg/l potassium silicate helped the plants to overcome the adverse effect of salt and enhanced growth and salt stress tolerance capacity of Salvia splendens (Soundararajan et al. 2013 ).The problem of hyperhydricityduring tissue culture experiments which was reported during the micropropagation of Cotoneaster wilsonii was reduced by silicon supplementation (Sivanesan et al. 2011) .Fuchsia, Petunia and Toreniawere reported to have an increase in flower diameter whereas Bacopa and Verbena had thicker leaves with silicon supplementation (Mattson and Leatherwood, 2010) . Different cultivars of begonia and pansy were significantly influenced by silicon supplementation as their growth, biomass and chlorophyll content were increased by the utilization of silicon fertilizers.
Silicon regulates nutrient uptake in plants
Fisher (1929) found that silicon fertilization increased the yield of barley crops mainly when phosphorus supply was limited. He found that silicon fertilization made soil phosphorus more available to the plants. Ma et al. (2001 b) observed when phosphorus was supplied in excess, silicon limited phosphorus uptake and appearance of chlorosis was due to the reduction of the transpiration rate. Mali and Aery (2008a b) found that potassium uptake was improved even at low silicon concentration through the activation of H-ATPase. Better absorption of nitrogen and calcium in cowpea and wheat was observed when plants were supplied with sodium metasilicate (50-800 mg silicon/kg) as well as better nodulation and nitrogen fixation capacity werealsoobserved in cowpea. Yoshida et al. (1969) found that decrease in the erectness of rice leaves due to excess of nitrogen use can be mitigated if silicon was supplied to the nutrient solution.Silicon increases the oxidizing capacity of roots which coverts ferrous form of iron into ferric form thereby preventing a large uptake of iron and limits the toxicity of iron (Ma and Takahasi, 2002) . Silicon can regulate iron uptake capacity from acidic soils through the release of OHby plant roots when plant is supplemented with silicon (Wallace, 1993) .
Role of silicon in plant tissue culture
The addition of silicon to the tissue culture medium improves organogenesis, embryogenesis, growth traits, morphological and physiological characteristics of leaves, enhances tolerance to low temperature and salinity, protects cells against metal toxicity, oxidative phenolic browning and reduces the incidence of hyperhydricity in various plants. In this way silicon possesses considerable potential for application in a wide range of plant tissue culture studies such as cryopreservation, organogenesis, micropropagation, somatic embryogenesisand production of secondary metabolites (Sivanesan and Park, 2014) .
Silicon reduces metal toxicity
Toxicity of heavy metals such as cadmium, copper, zinc and manganese was reduced in silicon fertilized plants because silicon increased metal binding capacity to the cell walls which limits cytoplasmic concentration of the heavy metals (Liang et al. 2007 ).Silicon and aluminium interact in the soil and form subcolloidaland inert alumino-silicates and reducesthe concentration of phytotoxic aluminium in soil solution (Liang et al. 2007 ). It may stimulate phenolic exudation byroots that would chelate and thus reduce aluminium absorption by corn roots (Kidd et al. 2001) . Ma et al. (2001b) found that silicon induces homogenous distribution of manganese in leaves and limits spot necrosis. Reduced uptake of cadmium after rice treatment with furnace slag has been attributed to an increase in soil pH, thereby limiting cadmium uptake, reduction of rootshoot translocation and changes in compartmentation within the plant cell (Liang et al. 2007) .Silicon binds with different metals and prevents their concentration to toxic levels at localized sites. Iron, manganese and aluminium are found to be less toxic in the presence of silicon as observed in silicon accumulator plants.
Da Cunha and do Nascimento (2009) found decrease in cadmium and zinc concentrations in maize shoots grown on cadmium and zinc contaminated soil when treated with calcium silicate.Foliar spray of silicon decreased cadmium concentration in rice grains and shoots due to cadmium sequestration in the shoot cell wall (Liu et al. 2009 ).They observed change in structure of shoots may be due to deposition of silicon in the endodermis and pericycle of the roots were responsible for maize tolerance to cadmium and zinc stresses. Hodge (2004) found that silicon can change root plasticity and thereby increased the stress tolerance capacity of the plants. Silicic acid decreases arsenic concentration in rice shoots grown in hydroponics and arsenite transport in roots indicated that thesufficientamount of silicon in soil is efficient in reducing arsenic accumulation in rice shoots .
Silicon facilitates the uptake of P, Mg, K, Fe, Cu and Zn (Chen et al. 2000) . Use of acid fertilizers results in soil acidification, decrease soil pH and fertility and it also enhances metal toxicity by increasing the availability of manganese. Silicon has been reported to increase plant tolerance to high manganese concentration in Phaseolus vulgaris, LactucasativusandCucumissativus (Feng et al. 2009 ).
Gossypiumhirsutum L. is reported to be highly sensitive to aluminium toxicity. The presence of silicon in the nutrient solution has been reported to alleviate aluminium toxicity in cotton (Li et al. 1989 ). Silicon has also been reported to decrease phosphorus uptake when phosphorus supply was high in strawberry (Miyake and Takahashi, 1986) .It might form complexes with organic compounds interacting with pectins and polyphenols (Currie and Perry, 2007) in the walls of epidermal cells and increases their resistance to degrading enzymes (Synder et al. 2007 ).
Effect of silicon on morphological characteristics of the plant
Silicon tends to maintain the erectness of rice leaves and thereby increasing the photosynthesis because of better light interception. Gong et al. (2003) reported that wheat plants grown in the pots with silicon before sowing had higher plant height, leaf area and dry matter as compared to those without silicon applied in well watering conditions.Use of silicon in drought stressed wheat plants growing in the pots had higher leaf weight and leaves of the stressed plants growing in the pots were thicker as compared to those without silicon. This may have beneficial effect by reducing the transpirational loss of water and maintain high relative water content as well as water potential.
With the increase in silicon level dry weight, height of the plant and number of tillers were increased in the rice plants (Gerami et al. 2013) . Increase in the leaf area enhances photosynthetic rate of the rice plants. Singh et al. (2006) found that silicon treatment improves dry matter, chlorophyll content, relative water content, proline accumulation, dry matter and growth rate of wheat crop under drought stress. Silicon nutrition improves light receiving posture of the plants thereby stimulates photosynthate production capacity in plants (Savant et al. 1997) . Silicon nutrition increases mass and volume of the roots and also enhances adsorbing surfaces (Matichenkov, 1996) androotrespiration capacity in the plants (Yamaguchi et al. 1995) .
Effect of silicon on crop productivity
The positive effect of silicon on plant growth, biomass, yield and nutrition has been observed by various earlier workers (Guntzer et al. 2012; Korndorfer and Lepsch, 2001; Meena et al. 2014) .Beneficial effect of silicon has been observed in several crop plants such as barley, wheat, corn, sugarcane, cucumber, citrus and tomato plants (Epstein, 1994; Kaya et al. 2006) . Ahmed et al. (2011) found that increase in silicon leads to increase in leaf area index, specific leaf weight, chlorophyll content, root and leaf dry weight and decrease in leaf water potential and shoot to root ratio in sorghum cultivars as compared to control. It also enhances the water uptake ability and drought tolerance capacity in sorghum. Singh et al. (2006) reported that 180kg/hectare of silicon increases nitrogen and phosphorus contents in rice grain and straw which results in increased dry matter and yield.Silicon plays an important role in hull formation in rice andimprovesrice grain quality (Savant et al. 1997) . Studies at IRRI (1993a) indicated that silicon lack always reduces the number of panicles per square meter and percentage of filled grains in rice. The poor silicon nutrition had a negative effect on tomato flowering (Miyake, 1993) . Use of silicon fertilizer accelerated citrus growth by 30-80%, speeded up fruit maturation by 2-4 weeks and increased fruit production capacity (Taranovskaia, 1939) . Such type of acceleration in growth with silicon fertilizer was also observed in corn (Matichenkov, 1990) . Recycling of organic siliceous materials, application of silicon rich materials in the soil such as straw and husk can enhance root and shoot length, plant height, number of tillers, number of filled grains and grain weight in rice. Utilization of potassium, magnesium and calcium silicate increases 10-30% yield of crop plants (Gascho, 2001) .Rice stem and leaf contains 5-6% silicon, rice husk contains 10% thus returning the crop residues back to the soil will help to replenish the silicon in the soil (Elawad et al. 1982) .
Effect of silicon in mitigation of abiotic stresses
Silicon nutrition alleviates many abiotic stresses including physical stresses such as drought, UV radiation, high temperature, flood, lodging, freezing and chemical stresses such as salt, metal toxicity and nutrient imbalance (Epstein, 1994; .Silicon improves the plant tolerance capacity to various abiotic stresses (Gunes et al. 2007 ). Tisdale et al. (1985) reported that silicon in plants acts as a window as it filters harmful ultraviolet radiation reaching to the leaf surface. It is the only known element which is able to enhance the resistance to multiple stresses (Figure-1) . The supplementation of silicon has helped to overcome the deleterious effects of abiotic stresses and improved the adaptation capability of plants to stressful environment (Table-2 ). The use of silicon improves growth and yield of maize under water stress conditions (Kaya et al. 2006) .
Drought stress is of increasing concern because of its adverse impact on crop production. The positive effect of silicon utilization on biomass and yield under deficit irrigation has been observedin various crops (Pei et al. 2010; Shen et al. 2010) . Wheat plants which were subjected to drought stress and treated with silicon maintained higher stomatal conductance, relative water content, water potential and leaves were also larger, thicker thereby reduced the water loss through transpiration (Hattori et al. 2005) . Ma et al. (2001b) found that silicon increased resistancein rice plantsto typhoonsbecause of the rigidity gained by the silicification of shoots. It has been found that silicon fertilization helps in the development of secondary and tertiary cells of the endodermis and allows better root resistance in dry soils and faster growth of roots (Hattori et al. 2005) . Eneji et al. (2008) observed that silicon enhanced uptake of major essential elements by various grasses exposed to drought conditions.Silicon fertilizer has been reported to increase frost tolerance capacity in lemon and sugarcane (Matichenkov and Calvert, 2002) .
Silicon imparts positive effect on antioxidant defense system
Silicon alleviates abiotic and biotic stress effects which have been associated with an increase in antioxidant defence abilities. The oxidative stress in plants can be observed easily if plants are subjected to abiotic stresses due to the production of active oxygen species (AOS) or reactive oxygen species (ROS) like superoxide anion(O 2 -), hydrogen peroxide (H 2 O 2 ) and hydroxyl radicals(OH -) that are cytotoxic species and can damage biomolecules (Mc Cord, 2000) . These reactive oxygen species causes oxidative damage to carbohydrates, membrane lipids, proteins and nucleic acids thereby adversely affecting growth and development of plants. The plants respond to abiotic stresses by activating antioxidant molecules such as ascorbate, glutathione, α-tocopherol, carotenoids and detoxifying enzymes like superoxide dismutase (SOD), catalase (CAT), peroxidase and enzymes of ascorbate and glutathione cycle that scavenge the free radicals which generates due to environmental stress (Zhu et al. 2004) .Silicon nutrition enhances the production of antioxidants and enzymes involved in detoxification of the free radicals. Gong et al. (2005) observed that silicon boost up the antioxidant defense system and maintained physiological processes in plants. Pei et al. (2010) found that silicon improved the growth of wheat plants by stimulating antioxidant defense system when wheat plants were under short term water stress conditions.In saline soils, silicon increased the activity of antioxidant enzymes in wheat (Saqib et al. 2008 ) and decreased plasma membrane permeability similarly silicon increased root activity which allowed better absorption of nutrients in barley (Liang et al. 2003) . Goto et al. (2003) showed that rice plants treated with silicon absorbed less radiation than untreated plants. Ma and Takahashi (2002) reported that rice grew better after exposure to gamma rays if it had been previously fertilized with silicon. Shen et al. (2010) showed that silicon improved growth, photosynthesis and antioxidant molecules in soybean seedlings exposed to UV-B radiation.
Salt stress has been shown in many reports to be alleviated by silicon (Tuna et al. 2008) . Silicon decreases the sodium uptake when it was in excess in higher saline conditions (Saqib et al. 2008) . Silicon may alleviate salt stress by inhibition of transport of Na + to the leaves and specific accumulation of Na + in the roots (Tuna et al. 2008) . Silicon can mitigate the adverse impact of environmental stress in plants by decreasing plasma membrane permeability, lipid peroxidation and by maintaining the plasma membrane integrity and function (Liang, 1999) . Salt toxicity is suppressed by the application of silicon as it shows water retention capacity in tomato plants which enhances growth and dilutes the salt concentration in the plants and in this way protects the plants against salt stress (Romero-Aranda et al. 2006) . Drought stress causes decrease in the crop production due to inhibition in photosynthesis of plants by inhibiting photochemical activities and decrease in the activities of calvin cycle enzyme .
Plants treated with silicon are reported to show reduced negative effects of water scarcity (Lobato et al. 2009; Silva et al. 2012) .Silicon may increase salinity tolerance capacity in the plants by improving water status, increased photosynthetic activity, stimulation of antioxidant system by reducing salt uptake and increasing K uptake (Tahir et al. 2006) . The hydrophilic nature of silicon can retain more water, dilute salts and protect tissues from physiological drought (Romero-Arnadaet al. 2006) .
Silicon deposition in roots reduces the binding sites for metals resulting in decreased uptake and translocation of salts and toxic metals from roots to shoot. It was also found that foliar application of silicon reduces the cadmium accumulation in rice grains (Liu et al. 2009 ).Silicon nutrition increases phenolic compounds in plants which form silicon-phenol complexes that may reduce phenylalanine ammonia lyase (PAL) activity in copper stressed plants (Li et al. 2008) .The silicon supplementation reduces the adverse impact of abiotic stresses due to the improved photosynthetic activity, enhanced K/Na selectivity ratio, increased enzyme activity and increased concentration of soluble substances in xylem, resulting in limited sodium absorption by plants.
The plants with a supply of silicon can tolerate water deficit conditions for a longer period because they more efficiently use the absorbed water and lose it at a lower speed than plants with a low silicon supply. Silicon deposition in the cell wall of xylem vessels prevent compression of the vessels under the condition of high transpiration caused by drought or heat stress. The silicon cellulose membrane in epidermal tissue protects plants against excessive loss of water by transpiration. Silicon deposited in the plant tissues helps to alleviate water stress by decreasing transpiration and improves light interception by keeping the leaf bladeerectin position (Epstein, 1999) . Accumulation of silicon will form a thick silicate layer on the leaf surface which effectively reduces cuticular transpiration upto 30%. Wong et al. (1972) found that thick layer of silica gel is associated with cellulose in the epidermal cell wall but less silica gel will allow water to escape at an accelerated rate. Lux et al. (2002) noted that silicon use increases the growth of Sorghum bicolor under water stress. Gong et al. (2003) reported that use of silicon enhances the growth of wheat plants under drought conditions by maintaining high leaf area. It ensures high assimilatory capability and thickening of the leaves which are beneficial to reduce transpiration and improves wheat yield.
Utilization of silicon against biotic stresses
Beneficial effects of silicon on plant health have been reported by several workers (Gillman et al. 2003; Locke et al. 2010; Van Bockhaven et al. 2013) . Silicon is dispersed throughout the plant via transpiration stream (Samuels et al. 1991) and inhibits diseases through the modification of epidermal layer of leaves and fruits as well as by increasing the presence of low molecular weight metabolites (Gillman et al. 2003) . The toughness of the cell wall (Sangster et al. 2001 ) and plant protection against abiotic and biotic stressesis imparted by silicon (Pilon-Smits et al. 2009 ). Silicon delays the onset of diseases or reduced them and therefore it can be used as preventive measure (Table-3 ).
The application of silicon as pest management resource can save the cost of expensive fungicides and insecticides and other fertilizers as reported in rice that silicon eliminates the need of fungicides or pesticides (Datnoff et al. 1997) . Silicon is potent enough to act as a biological inducer of plant defense responses other than being a mechanical barrier (Van Bockhaven et al. 2012) . The possible mechanism reported to confer resistance to pest attack by silicon in the plants are:
Silicon accumulates in the cell wall of plants and form silicon-cellulose network which acts as a mechanical barrier against pathogen (Takahashi and Miyake, 1977) .
Silicon reduces the rate of progress of the disease by restricting the lesion size and production of spores for secondary infection (Seebold et al. 2001) The presence of silicon crystals in the plant tissues hinders the feeding of the insect as these crystals can damage the mandibles of the insects. In this way silicon acts as a physical barrier.
The cuticle-silica double layer mechanically impedethe penetration of fungi and thus disrupt the infection process in rice (Yoshida et al. 1962) .
The role of silicon in the water conservation in theplants has been observed (Meyer and Keeping, 2005) . Silicon may enhance activity of chitinase, peroxidase and polyphenyloxidasesafter fungal or pathogen infection (Cherif et al. 1994) .
Silicon enhances host resistance by enhancing the levels of inhibitors like phenolic compounds or by mediating the synthesis of antifungal phytoalexins after the infection or by activating antioxidative enzymes (Fauteux et al. 2005) .
Silicon can increase resistance of the plants by formation of papillae, deposition ofcallose and H 2 O 2 , upregulation of phenylpropanoid pathway and by stimulating systemic stress signals (salicylic acid, jasmonic acid and ethylene) (Shetty et al. 2012) .
The soluble silicon can produce phenolics and phytoalexins in response to infection and the antifungal phytoalexinmomi-lactones that accumulate in silicon amended rice plants acts against blast pathogen (Rodrigues et al. 2004) .
Silicon deposition beneath the cuticle to form cuticle silicon double layer impede the penetration of fungi and inhibits the infection process.Due to silicon supplementation, monosilicic acid polymerizes into polysilicic acid and then transforms to amorphous silica which forms a thick silicon-cellulose membrane and it gets associated with pectin and calcium ions. The double culticular layer protectsand provides strength, rigidity and resistance to the plants against pests and diseases. Silicon may also form complexes with organic compounds in the cell wall of epidermal cells and increases their resistance to degradation of enzymes. Silicon also gets associated with lignin-carbohydrate complexes in the cell wall of epidermal cells (Inanaga et al. 1995) .Silicon bioactivity has been compared to that of the known activator/secondary messengers of systemic acquired resistance (SAR), which can be considered the plant's equivalent of an immune system. Silicon has a similar effect and can significantly modulate the activity of post elicitation intracellular signaling systems, including the mitogen activated protein (MAP) kinases. However it is different from SAR activators as the effect of silicon on plant induced resistance to pathogens vanishes when silicon supply to plants is stopped or silicon had irreversibly accumulated (Fautex et al. 2005) .
Role of silicon in disease suppression
Silicon nutrition suppresses leaf and neck blast, brown spot, sheath blight, leaf scald, grain discoloration, stem rot and bacterial leaf blight infection in rice (Datnoff and Rodrigues, 2005) . Calcium silicate application at 1000kg/ha reduced neck blast by 30.5% and brown spot by 15% over the control in the rice plants (Datnoff and Rodrigues, 2005) . Silicon was found to suppress ring spot in sugarcane, root rot and powdery mildew in cucumber and wheat (Belanger et al. 2003) . Dann and Muir (2002) reported that pea seedlings amended with potassium silicate increased the activity of chitinase and β-1,3-glucanase against the fungal blight disease caused by Mycosphaerellapinodesand less number of lesions were observed on the pea leaves after theapplication of silicon.
Silicon supply in rice plants induces cell wall fortification in rice leaves which may act as a mechanism of resistance to blast (Kim et al. 2002) . In cucumber silicon enhanced the activity of chitinases, peroxidases and polyphenol oxidases when their roots were colonized by Pythium (Cherif et al. 1994) . Silicon mediated accumulation of flavonoid phytoalexin in cucumber acts against the invading powdery mildew pathogen Sphaerothecafulginea (Fawe et al. 1998) . The foliar application of talc (silica) based formulations of biopesticides may induce the host resistance by triggering biochemical reactions of the host besides directly controlling the invaders.
Silicon reduces insect attack and pest incidence on plants
The perusal of the available literature indicates that a higher silicon content in the soil and growth medium reduced the incidence of several crop pests (Liang et al. 2006) . It has been observed that sucking pests and leaf eating caterpillars have a low preference for the silicified tissues than low silica containing succulent parts. Silicon decreases the food intake, growth longevity, fecundity and population growth of xylem feeding white backed plant hopper Sogatellafrucifera (Salim and Saxena,1992) . Soluble silicon reduces reproduction capacity of phloem feeding aphids Myzuspersicae in potato, wheat and white fly (Bemisiatabaci) in cucumber plants. The hardness of cane of sugarcane plantsisdue to a higher silica content which reduces the shoot borer attack (Rao, 1967) .The attack of stem maggot, plant hopper, green leaf hopper and leaf folder on rice plants were reduced with silicon nutrition. Low silicon concentration in rice tissues is associated with increased susceptibility to insect pest and fungal diseases (Sawant et al. 1994) . Whitefly (Bemisiatabaci) is important pest of cotton, wheat, cucumber and sugarcane which reduces their yield but soil or foliar application of silicon as calcium silicate increases the mortality of the nymphs of whitefly (Correa et al. 2005) . Chang et al. (2002) revealed that silicon fertilizer can shorten the leaf lesion caused by bacterial leaf blight upto 5-22%. Reduction in size of lesions was directly proportional to the reduction in the soluble sugar in the leaves due to the presence of silicon.
Silicon reduces pathogen infestation
The beneficial effect of silicon has been demonstrated on the various diseases and fungal attacks (Rodgers-Gray and Shaw, 2004) such as powdery mildew (Blumeriagraminis), septoria (Phaeosphaerianodorum) and eyespot (Oculimaculayallundae).Silicon protects rice plants from stalk rot (Leptosphaeriasalvinii), blast (Magnaporthegrisea), fusarium wilt (Fusarium) and leaf spot (Monographellaalbescens) diseases (Ma and Takahashi, 2002) .Silicon protects the plant by different processes which can boost the defense mechanism including the accumulation of lignin, phenolic compounds and phytoalexins . When pathogenic fungi attacks on plants, silicon triggers a rapid and extensive deployment of natural defenses of the plant (Fauteux et al. 2005) either directlyor by increasing the protein activityorindirectly by sequestering cations. In silicon fertilized plants, plant defenses were stimulated through the production of callose, phenolic compounds and methyl aconitate (Remus-Borel et al. 2009 ). Guevel et al. (2007) found that foliar use of silicon reduced infection caused by Blumeriagraminis. Hunt et al. (2008) found that silicon fertilized grasses are less likely to be eaten by grazing animals such as rabbits and locusts in comparison to unfertilized ones as the leaves containing silicon are most difficult to graze by the animals. The beneficial effect of silicon has been proven on attacks by insect borers (Chilosuppresalis), yellow borers (Scirpophagaincertulas), rice chlorops (Chloropsoryzae), rice leaf hopper (Nephotettixbipunctatuscinticeps), brown leaf hopper (Nilaparvatalugens), spider mites (Tetranychus species) and mites (Savant et al. 1997 b) . Silicon fertilization decreases the number of aphids on the crop plants (Moraesetet al. 2004; Gomes et al. 2005) .
Suppression of pests in stored grain products
Sand or soil has been used to cover the top of stored grains from centuries in North America and Africa to controlthe infestation of insect pests in stored grains. The use of ash and diatomaceous earth, a pure form of silica from fossilized diatomsin India has been also used from ancient times to control the household pests. The ash has been incorporated in the walls, floors and ceilings of home due to its insecticidal, repellent,ovicidal properties and low mammalian toxicity. This practice prevents infestation of ants, white ants, earwigs, bed bugs, flies, silver fish, fleas, chicken lice, mites and ticks etc. From the past few years activated clay, rice husk ash, wood ash, lime, rock phosphate, silica-pyrethroid mixtures, silica aerogel and silica nano particles are also popular (Debnathet al. 2011) . Several commercial formulations based on silica or diatomaceous earth such as Aerosil R 972, Grasil 23 D, DryacideandInsecto are also available in the market. The inert dustcontaining silicon are safe and adversely affect on pests bytheirdehydration and desiccation, it impaires the digestive tract of the pests, blocks spiracles and tracheae,absorbslipids from cuticle by damaging the wax layer and reduces the weight of the insects.
Suppression of non-insect pests by silicon
Silicon accumulation reduces nematode infection and attack of mites in crop plants. The roots of rice plants containing high silicon was found to resist the infection of root-knot nematodes (Swain and Prasad, 1988) . The reduction in nematode infection due to a high silicon content was also observed in coffee and cucumber plants (Silva et al. 2010) . Mites were also reduced by higher silicon content in the plants (Tanaka and Park,1966) .
Table1. Silicon sources used to augment soil silicon or incorporation of silicon in nutrient solution. 
Future prospects
Silicon nutrition enhances host resistance to diseases and also alleviate abiotic and biotic stresses thus protecting the crops. The application of siliceous materials not only in cereals and millets but also in vegetables and pulses increases the yield and reduces the use of chemical fertilizers, pesticides and fungicides.The ashes from agro industries and industrial slags free from heavy metals can be used as source of silicon fertilizers to protect the crops and to boost the crop yield.It is difficult task to recycle all silicon released by crops but recycling may help to mitigate the problem of soil silicon depletion thus reducing fertilization requirements.Recent researches in the field of nanotechnology has led to the production of granulated and liquid silicon fertilizer with high bio-availability. This type of silicon fertilizer can easily penetrate the leaves and can form a thick silicate layer on the leaf surface.Hence there is a need of applied research to know the optimum silicon concentration and suitable time and methods of silicon application on the crop plants specially when plant is under abiotic and biotic stress conditions. The utilization of silicon in crop production will ensure safe food production and environment protection. 
